Abstract: A three-phase squirrel-cage induction motor is used as a propulsion system of an electric vehicle (EV). Two different control methods have been designed. The first is based on the conventional DTC Scheme adapted for threelevel inverter. The second is based on the application of fuzzy logic controller to the DTC scheme. The motor is controlled at different operating conditions using a FLC based DTC technique. In the simulation the novel proposed technique reduces the torque and current ripples. The EV dynamics are taken into account.
Introduction
Many control techniques have been applied on induction motors [1, 2] . Among these techniques, DTC appears to be very convenient for EV applications [3] . This control strategy was introduced by Takahaschi [4] . Most of the literature is focused on the application of DTC with two-level inverters. But DTC with multilevel inverters is still a matter of research [5] [6] [7] [8] [9] .The present work is based on the study of the application of DTC to the three-level NPC inverter, and the advantages that can be obtained. When using a three-level inverter the selection of the output voltage vector becomes more complex due to the higher number of available inverter states. Two different control methods have been designed. The first is based on the conventional DTC scheme adapted for three-level inverter. The second is based on fuzzy logic controller introduced to replace the conventional table used in DTC for the inverter state selection. The required measurements for this control technique are only the voltage and the current measurements. Flux, torque, and speed are estimated. The input of the motor controller is the reference speed, which is directly applied by the pedal of the vehicle.
In this paper a detailed dynamic model of an EV is introduced and associated with the proposed FLC based DTC induction motor drive strategy.
The objective is to test the performance of the proposed control strategy on the whole vehicle and not on the sole induction motor.
Vehicle Dynamics Analysis

Dynamics analysis
Based on principles of vehicle dynamics and aerodynamics [10] [11] [12] , the road load w F can be described with accuracy via (1) . It consists of rolling resistance, r f , aerodynamic drag, ad f and climbing resistance, rs f :
The rolling resistance ( r f ) is caused by the tire deformation on the road:
where f is the tire rolling resistance coefficient. It increases with vehicle velocity, and also during vehicle turning manoeuvres.
Aerodynamic drag ( ad f ) is the viscous resistance of air acting upon the vehicle, given as:
It increases with square of the vehicle speed v , and depends on the front area A .
The climbing resistance ( rs f ) with positive operational (sign) and the down grade force ( rs f ) with negative operational (sign) is given by
where m is the total mass of the vehicle, g is the gravitational acceleration constant and α is the grade angle. The forces acting on the vehicle are shown in Fig. 1 . 
where ω is the angular velocity of the rotor in rad/s, J is the moment of inertia of the system, and B is the viscous coefficient of the motor. Tem describes the electromagnetic motor torque and ev T is the electric vehicle torque which can be obtained from the tractive force tr F and wheel radius wh r of the vehicle as:
Induction motor model
The unsaturated induction motor model in the stator-fixed d-q reference frame can be expressed as: 
The induction motor stator flux can be estimated as follows: 
Equation (8) 
Equation (9) is used to estimate em T during the simulation process.
NPC three-level inverter topology
Different circuit topologies have been implemented in multilevel inverter [6, 13] . One of the most used of these topologies is the neutral Point Clamped (NPC) topology. (Fig. 2) presents the schematic diagram of a three-level NPC inverter.
Fig. 2 -Three-level NPC inverter.
The representation of the space voltage vectors of the three-level inverter for all switching states is depicted in Fig. 3 . We divide them into four groups [14] 
Fig. 3 -Space voltage vectors of three-level inverter.
Improvement the DTC System for Electric Vehicles Induction Motors
The zero voltage vector (ZVV) has three switching state, the small voltage vector (SVV) has two and both the medium voltage vector (MVV) and the large voltage vector (LVV) have only one.
Proposed Approach
The control command for the system is speed (by means of the pedal). The flux reference can be calculated based on the speed. The reference torque can be calculated using the difference between reference speed and rated speed (using a PI controller). Two hysteresis controllers (Fig. 4) To perform the conventional DTC control applied to a three-level, the stator flux position has been divided into 12 sectors of 30° degrees. The Table 1 for the inverter state selection has been devised to achieve an accurate control of both torque and stator flux and reduce the torque ripple inherent in the DTC method. The numbers in the table for the output voltage vector or inverter state are written according to Fig. 3 . The conventional DTC for three-level inverter using the hysteresis based voltage switching method has relative merits of simple structure and easy implementation. If the dynamic of an electric vehicle is introduced and associated with the proposed control, DTC advantages are not sufficient. Therefore, the application of a fuzzy logic controller to the direct torque controls [15] [16] [17] so as to minimize the torque ripple and to maximize the drive efficiency. The major problem with switching table based DTC drive is high torque and current ripples. To increase traditional DTC of induction motor control precision and decrease large torque ripple, a fuzzy DTC control system is proposed. Fig. 5 shows the control scheme with the fuzzy logic controller which modifies the DTC by incorporating fuzzy logic into it. Fig. 6a which uses Fig. 6b . The third fuzzy state variable is the stator flux position θ . In order to achieve a more accurate selection of the inverter state, the stator flux position has been divided into 12 sectors. The universe of discourse of this variable has been divided into twelve fuzzy sets ( 1 θ to 12 θ ), the membership distribution is shown in Fig. 6c . The total number of rules is 180 as shown in Table 1 . 
Each cell shows the best switching state for the given angle. The interface method used is basic and simple and is developed from the minimum operation rule as a fuzzy implementation function. The membership functions of A , B , C and N are given by A μ , B μ , C μ , and N μ respectively. The firing strength of i th rule i α can be expressed as:
By fuzzy reasoning using Mamdani's minimum operation rule as a fuzzy implication function, the i th rule leads to the control decision
Thus the membership function N μ of the output n is point wise given by:
Since the output is crisp, the maximum criterion method is used for defuzzification. By this method, the value of fuzzy output which has the maximum possibility distribution is used as control output.
Simulation Results
The objectives of the carried out simulations are to show the dynamic performances of the proposed control strategy. DTC with three-level inverter and the system with a Fuzzy Logic controller for the inverter state selection have been simulated to make comparison. The specifications of the electric vehicle load and the induction motor are given in Table 2 . 
Conclusion
The performance of FLC based DTC induction motor drive strategy has been compared with the conventional method based on a 
